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The high temperatures and high exothermicity of combustion reactions in general 
made t h e  experimental study of these reactions especially d i f f i cu l t .  
arise i n  the  manifold p rac t i ca l  applications of combustion, the  lack of funda- 

mental information on the processes which a re  involved leave only empirical methods 
with which t o  a r r ive  a t  a solution. 
tube make it  especially useful in overcoming the  experimental d i f f i c u l t i e s  i n  combus- 
t i on  studies. 
has been taken of t h i s  device. 

When prob- 

Some of the  unique charac te r i s t ics  of the shock 

A number of investigations have already been made i n  which advantage 

For the  spark-ignition engine, knock,surface ign i t ion ,  and rumble a r e  some speci- 
f i c  problems which would p r o f i t  from appropriate fundamental studies. 
t ics of the  shock tube which make it useful for  these applications a re  the freedom 
from surface e f f ec t s  and the  instantaneous heating t o  a selected high temperature 
which i a  possible. 
of hydrocarbon-oxygen mixtures w a s  begun. 

The earlier work in t h i s  area by Gay and others is l i s t e d  by Stefnberg and 
Kaskan’); t h i s  paper, and t h e  discussion there to ,  very well delineates the p i t f a l l s  
and necessary precautions f o r  t he  study of ignit ions in the  shock tube. 
sa t i s fac tory  r e su l t s  with ign i t i on  by the  re f lec ted  shock wave and the importance of 
surface d iscaa t inu i t ies  in causing anomalous behavior a re  described. 
re f lec ted  shock wave has been used t o  investigate ignit ion of  a spray of Diesel 
fuel2). A study of the high-temperature ign i t ion  charac te r i s t ics  of d i f fe ren t  fuels 
vaa made by Mullins3) i n  a system i n  which was designed t o  approximate combustion 
conditions in a j e t  engine. The differences between a number of l iquid fue ls  i n  re- 
action with oxygen in  a shock tube a t  intermediate temperatures has been studied by 
Halmberg and Wellman. In the  present investigation, various charac te r i s t ics  of the 
ign i t ion  of several l iqu id  hydrocarbons with oxygen were studied in the reflected 
shock wave. 

Two characteris- 

Because of these  advantages, a shock tube study of t he  ignit ion 

The more 

Ignition i n  a 

Some e a r l i e r  experiments had shown t ha t  t he  response of a piezoelectric pressure 
pickup is noticeably d i f fe ren t  to  an explosion as compared t o  an i n i t i a l  and reflec- 
ted  shock wave. 
with, i n  general, the  detecting elements located in t h e  endplate of the reaction 
section. 

The apparatus was constructed to  u t i l i z e  the  reflected shock wave, 

The shock tube was made from one-inch Schedule 40 s t a in l e s s  s t e e l  pipe, with 
necessary connections f o r  evacuation, f i l l i n g ,  and instrumentation. 
88 a dr iver  gas. 4 1 a r  f i lm,  ranging in  thickaeas from 0.0035 t o  0.030 inch was 
used for t h e  diaphragms. 
peak pressures observed in explosions correspauiedwith the  peak pressure calculated 
by assuming instantaneous l i be ra t ion  of t he  energy. 
a four-foot dr iver  sec t ion  and a three-foot reaction sec t ion  was used. With the  
pressures used in &-experiments, the time available f o r  reaction at the  far end of 

Helium w a s  used 

The tube was designed with a f ac to r  of safety of ten; the 

For wst of these experiments, 
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the  reaction section (before a r r i v a l  of the rarefact ion or a re-ref lect ion from the 
contact front) was always greater  than the longest i gn i t i on  delays measured. 

A miniature S U  quartz piezoelectr ic  pressure pickup and a quartz vindov were 
munted in the endplate; the window, which led t o  a 1P28 photomultiplier tube 
looked down the shock tube tovatd the high pressure section. With the  photomulti- 
p l i e r  b u s i n g  r igidly attached t o  the shock tube, anomalous def lect ions can be ob- 
tained a t  the t i m a  of breaking of the diaphragm and somewhat less pronounced at the 

The 
first deflection is presumably shock transmitted through the metal of the tube. 
This behavior amy be the explanation of the "lfght" observed by Steinberg and Kaskan 
in initial shock vaves in vfiich there  was  no ignit ion. 

of reflection. Shock-proof mounting of the tube solved t h i s  problem. 

The output from the pressure pickup w a s  sent i n to  a Kistler Piezo cal ibrator  
and thence t o  one input of a Tektronix 531 oscilloscope v i t h  a Type CA dual-trace 
plug-in unit .  A single  sveep of the oscilloscope was tr iggered from the  breaking 
of the diaphragm. 

The explosive mixtures were made by the method used by Steinberg and Kaskan'), 

The method was modified so that  mixtures could b e  made from liquid hydro- 
flow of oxygen and the f u e l  vapor each through a cri t ical  velocity o r i f i c e  flow- 
meter. 
carbons. 
the reservoir were held in a constant-temperature oven a t  125'. 
=re mixed, the hydrocarbon w a e  below i t s  vapor pressure at room temperature so 
t h a t  it could be led into the evacuated shock tube. 

The o r i f i c e s ,  a reservoir for  hydrocarbon vapor, and a pressure gauge on 
After the gases 

The temperaturewhich are used i n  the discussion of r e s u l t s  are read from a 
cume made fo r  each hydrocarbon; the temperature was calculated from the  diaphragm 
pressure r a t i o  by the usual shock wave relat ions.  The spec i f i c  heat r a t i o  f o r  the 
components was assumed constant,  and the values of temperature may be as much as 
20 percent high. The necessary data,  i n  general, are  not avai lable  f o r  more accur- 
ate calculations for  these hydrocarbons. 
values a re  the point of i n t e r e s t ,  and there should be no important deviation i n  
tha t  respect. 

However, f o r  our purposes, the r e l a t ive  

The measurement of length of time before igni t ion,  the "ignition delay", was 
The lower made on the two simultaneous traces.  

t r ace  is of the pressure transducer; the small i n i t i a l  rise is the a r r iva l -  
r e f l ec t ion  of the shock. 
cal led a %etonation wave". 
firms the occurence of the explosion. Variations i n  t h i s  trace w i l l  be discussed 
l a t e r .  

An example is shown i n  Figure la. 
The Recond sharp high rise is the  explosion, sometimes 

The upper t r ace ,  recorded by the photomultiplier, con- 

RESULTS 

The measurement of delay t ime vas characterized by a r e l a t ive ly  l a rge  sca t t e r  
Two examples a r e  shown, Figures 2 and 3, of points,  s imilar  t o  e a r l i e r  r e su l t s l ) .  

isooctane and benzene respectively. The large number of points a r e  available fo r  
benzene because a number of auxi l iary s tudies  were made with t h a t  hydrocarbon. 
photomultiplier t r ace  shown i n  Figure l A  is  f o r  a high temperature; i.e., a short  
delay. The small or non-existent "overshoota1 of i n i t i a l  eds s$on  of l i g h t  is charac- 
terisdcafthe high temperature. As the temperature is lowered, the amount of overshoot 
is much greater preceding the leveling off which seems t o  character ize  the explosion- 
(Figure 1B). Hence, f o r  benzene, a n-er of points are shown i n  which flame vas 
observed alumst exclusively (Figure lC) ,  plus a n u d e r  with a l a rge  amount of flame, 
p l w  s ~ m e  exp4osion. The consistent behavior i n  a large number of experiments, 
including the useful data from the  pressure transducer, t he  r e s u l t s  of experi- 
ments v i t h  a second pressure transducer in t h e  s i d e  w a l l  six inches from the end, 
and experiments with a qu i t e  slow writ ing speed, al l  confirm these interpretations.  
%e high luminosity of the f l ane  coqa red  t o  the  explosion is quite s t r fk ing  

The 
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when the relative rates of the reactions are compared. 
that the time required for the explosion to reach the pressure transducer six inches 
from the end is roughly one-tenth the time required for the reflected shock to 
arrive. 

Rough measurements indicate 

Whether explosion or flame was observed, the lowest temperature at vhich reac- 
tion would occur was quite characteristic of a given hydrocarbon. 
a limited number of fuels are given in Table I. 
high-temperature ignition is remarkably parallel to the tendency to produce rumble; 
hence, the LIB number for each fuel is given in the table as well (Isooctane, high 
resistance to rumble, LIB number equals 100; benzene, zero). 

The results for 
The behavior of these fuels in 

TABLE I 

MINIMUM TmERATURE OF IGNITION FOR STOICHIOPIETBIC 
MIXTURES OF VARIOUS FUELS WITH OXYGEN 

Fuel - 
Pentane 
Isooc t ane 
Toluene 
Benzene 

Benzene-isooctane 1:l 
Toluene-isooctane 

Minimum Temperature* 
of Innition. OK LIB Number * 

1350 
1340 
1220 
1155 

1250 
1250 

m 
100 
50 
0 

50 

Benzene-water 1:l 1350 

* 
++ LIB nuinbars are determined with lead necessarily present. The benzene iso- 

* Not meas-~rable because of its octane number; probably about 100. 

Conditions under which ignition occurred in about half the attempts. 

octane 1:l mixture is LIB * 50 by definition of the scale. 

A number of experimeqts were performed to determine the effect of volatile 
additives on the minimum temperature of ignition of benzene-oxygen mixtures. The 
number of experiments in each case is not large enough for an accurate determina- 
tion of the 50 percent point, but the following preliminary observations were made. 
Conventional motor mix with tetraethyl lead has a relatively  mall effect on the 
minimum temperature of ignition. The temperature was raised appreciably with 
tertiarybutyl acetate present in 0.5 percent amount. Tetramethyl lead in a motor 
mix quite definitely increased the minimum temperature of ignition. 

DISCUSSION 

The ignition delay and the minimum temperature of ignition are measures of re- 
actions between hydrocarbons and oxygen which lead to a condition that engenders 
rapid combustion by flame or explosion. The values of the ignition delay are not 
particularly useful experimental results because of the large amount of scatter, 
although there is appreciably less scatter for the aromatics. 
from benzene-oxygen experiments was used for calculation of rate constants. 
such as shown in Figure 2, the rate constants will necessarily have a range of 
values. Bowever, good agreement was obtained among the rate constants which were 
calculated when the rate expression included only fuel concentration to the first 
power as compared to the values when the product of the fuel and oxygen concentra- 
tions each to the first power was used. This result is not surprising vhen it is 
considered that the reaction under study is an initiation and the mixture is 
stoichiometric; i.e., 7.5 moles of oxygen per mole of hydrocarbon. 
Figures 2, 3 and 4, are presented as Arrhenius plots for convenience and for conr 
parison to results of others. 

Part of the data 
Prom data 

The data in 

An activation energy calculated from the slope of 
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the  best  181Fne10 is based on the  assumption t h a t  t h i s  i n i t i a t i o n  react ion leads t o  a 
c r i t i c a l  concentration of some act ive species ,  and t h i s  concentration i s  the same at 
a l l  temperatures. Values from 10 t o  40 kcal/mole are obtained; c lear ly ,  the assump- 
t ion  i s  not generally va l id  i n  these cases. The values of t he  temperatures a re  
e r ro r  t o  a cer ta in  extent ,  as already discussed. Elowever, i n  some ea r l i e r  work 
i n  which the temperature was obtained by a more accurate method, the beginning of 
the reversal  of the r e l a t ive  ease of oxidation of aromatic, as compared to  paraff in  
hydrocarbons, was observed a t  900-950’K. The approximate calculated temperatures 
i n  the present work f i t  t h i s  general pat tern within the possible error. ’Ln addi- 
t ion ,  these resu l t s  i n  the “crossing o v e P  region are i n  agreement with the findings 
of the present investigation. 

4 fn  

The minFmurn t e q e r a t u r e  of igni t ion is shown on Figures 2, 3, and 4, because 
it demonstrates more concretely the r ea l i t y  and va l id i ty  of t h i s  number. 
a fev  isolated cases of explosion below the l imi t ;  however, these  were found i n  a 
large number of experiments i n  which no react ion occurred. I n  addi t ion,  when ig- 
n i t ion  did occur below t h i s  borderline area,  i t  usually was marked by some qui te  
d i f fe ren t  character is t ics .  

There are 

Aa t h e  representative t races  in  Figure 1 indicate ,  the explosion i n  general 
seem8 t o  develop from a flame, except at high temperatures the preliminary spike 
is a l m s t  l o s t .  These combustion reactions a re  necessar i ly  homogeneous. The known 
facts of surface igni t ion and LIB requirements may be examined from t h i s  viewpoint. 
The correlat ion of the minimum temperature of igni t ion with the LZB number suggests 
that  the character is t ic  tendency of aromatic fuels  t o  produce rumble m y  resu l t  from 
a greater  ease of the undesired premature ign i t ion  from an area of deposit which is 
act ive i n  surface ignition. This igni t ion need r e su l t  only from a loca l  heating. 
If t h i s  interpretat ion is val id ,  t h e  complexity of the problem of surface igni t ion may 
be considerably reduced in  that  the fue l  need not necessar i ly  enter  d i rec t ly  into 
the reactions in the deposit. Rather, the in te rac t ion  of .the deposit and oxygen 
is paramount. This view is consistent with r e su l t s  from the measurements of t e m -  
perature of igni t ion of engine deposits i n  an atmosphere of oxygen; a low tempera- 
ture  of igni t ion is correlated with a high L I B  requirement f o r  the engine i n  the 
test in  which the deposit w a s  formed.5) i n  these experiments. A fue l  is  not present 

The experiments with one mole of water present with benzene i n  the stoichio- 
metric mixture with oxygen confirms the importance of the  hormgeneous reaction 
in rumble. In an engine, the addition of t h i s  amount of water t o  the benzene 
fuel  eliminates the rumble. In the shock igni t ion experiments, correspondingly, 
the presence of water increased the minimum temperature of ign i t ion  for  benzene 
t o  the value for  isooctane. Even a t  very high temperatures, the  presence of water 
caused many of the igni t ions t o  be largely flame rather  than explosion. 

The experiments with additives were not as def in i t ive  as  would be desired, 
largely because a r e l i ab le  determination requires a r e l a t ive ly  high number of 
individual determinations. Also, a diaphragm-breaking apparatus , now being b u i l t ,  
vi11 allow more f l e x i b i l i t y  i n  the control of the diaphragm-breaking pressure. 
This method i n  general o f f e r s  considerable promise as a means of studying in  uvre 
d e t a i l  the conditions leading t o  explosion. I f ,  f o r  example, i n  the  borderline 
region differences can be detected spectroscopically o r  by some other method be- 
twen mixtures tha t  explode rather  than burn wi th  a flame, very useful information 
would be forthcoming. 

geceral, other aspects of the invest igat ion are similar t o  r e su l t s  already 
Almost a l l  of the  experiments were run with 100 mm pressure i n  the re-  described. 

act ion section. Small changes in reaction pressure and small changes from stoichi-  
ometric composition had only small e f fec ts .  
pressure pickup had rather  sharp corrugations. The surface discont inui t ies  a t  t h i s  
point & small i r r egu la r i t i e s  around the vindow were very sa t i s f ac to r i ly  elimina- 
ted by smothing on Apiezon Sealing Compound Q. A number of experiments yere per- 
formed d t h  pentane and air  ra ther  than oxygen. The delay times were, in general, 

The exposed surface of the  miniature 

i 
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a b i t  longer, as d g h t  be expected, but othervise these limited experiments rhoved 
ILO important differences. 
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Pho tomul t ip l i e r :  i n t e n s i t y  l e v e l  
c h a r a c t e r i s t i c  of exp los ion  

P res su re  Transducer 

A r r i v a l  and r e f l e c t i o n  o f  
shock wave 

A .  High temperature:  s h o r t  d e l a y  time, exp los ion  

L 
I 

B. Intermediate  temperature:  
flame appears  i n i t i a l l y  

C .  Low temperature:  mostly 
flame, weak exp los ion  

Fig. 1. Representat ive osc i l l o scope  t r a c e s  f rom which de lay  time 
and o the r  experimental  v a r i a b l e s  were determined. Wri t ing speed, 
2 0 0 P s e c  ./cm; t r a c e  10 cm i n  l eng th .  
changed i n  these experiments.  

V e r t i c a l  a m p l i f i c a t i o n  un- 



1 I I I  I I I 

cauaafoj. : 

0 

0 V*OtZT 

0 

0 

0 .  \D 
-9 

I I I 1  I I f 
0 

0 

0 
(u 

I I I I 1  I I I 

0 

0 

0 

0 

0 

0 
0 

0 0  0 

- 0 

0 

0 

- 
I I I I  I 1 I 

0 
0 0 0  0 0 o m  \o =t 

0 

9 

0 
9 

Q) E d  
SS m 
Q Q  0 



m 
‘0 

g 200 
0 
0, 
m 
0 
Ll 
u 
d 
E . 
2 
l-l 
0, 100 
-0 

c 
0 .-I 80 
U 
d 
c 
M 
H 

0 
0 

0 

0 

- 

- 

- 

0 
‘?F 

0 

I 
0 0  
0 

0 
d d  8 

# @  

0 0 

Q 0 8  80 
8 

0 0  

Q 0 0 

0 0 .  

# 

0 

4 

In 
Ln 

. O  

2 
aJ 
N c 

Fig. 3 .  Ignition of benzene-oxygen; logarithm of Ignition 
delay versus  the reciprocal of the abso lu te  temperature. 0 
Explosion; 9 flame and explosion; >J( mostly flame. 


